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Introduction
High-accuracy long distance ranging plays a significant role in frontier sciences, such as multi-satellite flying formations based extraterrestrial planets searching, black holes imaging and gravitational waves detection, which heavily rely on the precision of a real-time satellites position detection system (1) (2) (3) (4) . High-accuracy long distance ranging is also highly demanded in current advanced manufacturing technology for industrial processing and precision guidance (5) (6) (7) . During the last decades, LIDAR takes a major interest in the scientific community for the high angle, distance and velocity resolution, high anti-interference capability, as well as compact volume (8) . Recently, OFCs are used as revolutionary laser sources to improve the ranging accuracy, acquisition speed and extending distances of LIDAR (9) (10) (11) , and many ranging techniques are developed, such as time-of-flight method (12, 13) , synthetic wavelength interferometry (14) (15) (16) , DPI (17) (18) (19) (20) (21) , dual-comb method (22) (23) (24) as well as their combinations (25) . DPI, also known as frequency-domain interferometry or spectral interferometry, is well suited for long distance ranging for the merits of long coherent length and high tolerance against interference (19, 20) . The schematic of Michelson interferometer based DPI LIDAR is shown in Fig. 1A . The distance information is demodulated from the interference spectrum envelop. The maximum measurable distance lmax depends on the resolution of optical spectrum acquisition system. Once lmax is less than the distance measurement cycle lpp/2 (inversely proportional to the repetition rate of the OFC), a measurement dead-zone from lmax to lpp -lmax will be introduced, as shown in Fig. 1B (26) . However, limited by the low repetition rate of conventional mode-locked laser based OFCs, complex experimental techniques, such as scanning reference arm length, repetition rate tuning method (27) , and dual-comb or tri-comb schemes (28) , are employed to avoid the dead zone. But they are at the expense of the real-time performance, as well as the stability and integration capacity, which are great challenges for practical DPI ranging systems.
Actually, for a given optical spectrum acquisition system, a simple and effective scheme is using a high-repetition-rate OFC to shorten the distance measurement cycle. When the repetition rate of OFC is higher than 2ngδf (ng is the air group refractive index, δf is the resolution of the optical spectrum acquisition system), the dead-zone will be eliminated as shown in Fig. 1B . The emergence of microresonator based soliton microcombs (SMCs), realizing double balances between nonlinearity and dispersion as well as parametric gain and cavity loss, advances a novel type of integrated broadband coherent optical sources (27) (28) (29) (30) (31) (32) . Benefitted from the miniature structure of microresontors, SMCs are featured by the ultrahigh repetition rate, which have exhibited unprecedented prospects in the areas of classical and quantum optical communication systems (33, 34) , dual-comb spectroscopy (35) , chip-scale optical frequency synthesizers (36) , and high accuracy ranging (37, 38) , etc. Benefitting from the ultrahigh repetition rate, SMC is an ideal laser source to eliminate the dead-zone of DPI based long distance ranging and have great advantage for compact integration.
In this work, a SMC-based-DPI ranging system is developed for none-dead-zone long distance measurement. Meanwhile, the periodic ambiguity is eliminated using a parallel dualfrequency phase-modulated laser rangefinder (PLR). The feasibility of the proposed ranging system is demonstrated in two scenarios. In the first scenario, an 80 m distance is measured in a well-maintained environment with a minimum Allan deviation of 5.39 nm. For the second scenario, the ranging system is built in an outdoor environment for 1179 m distance measurement, and a minimum Allan deviation of 27 nm is achieved while the effect of the air refractive index fluctuation is neglected. The proposed ranging system could be extended from millimeter to hundreds of kilometers distance detection, and has the potential of miniature integration, aiming to the applications of robotics, autonomous vehicles, formation flying of satellites, advanced manufacturing and frontier scientific researches. The dead zone is introduced for the mismatch between the repetition rate of OFC and the resolution of optical spectrum acquisition system. Using a SMC with repetition rate higher than 2ngδf, the dead zone will be eliminated. COL: Collimating mirror; BS: Beam splitter; REF: Reference mirror; OSA: Optical spectrum analyzer; TARG: Target mirror. La: Actual distance to be measured; L: Measured distance of a DPI system.
Experimental setup
The core SMC is generated in a high-index doped silica glass micro-ring resonator (MRR) with a quality factor of 1.7 million (40, 41) . Two key techniques are adopted to ensure SMC generate and survive in the unguaranteed experimental environment. First, the MRR is butterfly packaged with a compact thermal-electric cooler (TEC) (Fig. 2B) . The TEC is used to tune the resonances of the MRR for SMC generation and isolate the temperature fluctuation of external environment to maintain SMC. Second, an auxiliary-laser-assisted intracavity thermal-balanced scheme is adopted to access single SMC in a deterministic fashion (42) . The experimental setup is shown in Fig. 2A . In our experiments, the wavelength of pump laser is fixed at 1560.2 nm with a linewidth of 100 Hz, and the pump and auxiliary lasers have a similar on-chip power of ~400 mW. Figure 2C shows a typical optical spectrum of single SMC which exhibits a standard squared hyperbolic secant (sech 2 ) envelope. The mode-crossing is almost avoided over the SMC bandwidth, which benefits from the stringent spatial-mode control of the device. The repetition rate of single SMC is 48.97 GHz, corresponding to a pulse spacing of 20.4 ps. The SMC provides an ideal broadband coherent laser source for long distance ranging. Figure 3 shows the experimental setup of the ranging system. For the DPI channel, a SMC is split into signal-and reference-comb using an 80:20 optical coupler (OC), and an optical attenuator (OA) is used to compensate the transmission loss of the signal comb to improve the visibility of interference fringe. The interference spectrum of the reflected signal comb and reference comb is spatially separated using two concave mirrors (CMs) and a reflection grating before lighting to a 256-pixels InGaAs linear array image sensor (LAIS) for interference fringe detection (Fig. 3A ). The detection system is well designed to ensure that each LAIS pixel is illuminated by a single SMC mode (256 valid optical modes). The exposure time of the LAIS can be flexibly set between 26 to 260 μs by adjusting the integration time, which corresponds to a maximum measurement frequency of ~35 kHz considering the additional start-up time of 2.5 μs. An equivalent average process is realized during the spectrum acquisition which is helpful to alleviate the impact of white noise coupled from the pump source, EDFA and external environment. One typical interference spectrum is depicted in Fig. 3D . The distance information could be extracted from the spectrum data using an improved Fourier transform peak-to-peak method (26) . The Fourier transform spectrum (FTS) represents the delay time between the signal pulse and reference pulse as shown in Fig. 3F . In order to obtain the exact frequency peak of the FTS, a three-point fitting method is employed ( Fig. 3G ). Because of the ultrahigh repetition rate of the SMC, the ambiguity resolved distance is ~3.063 mm. In order to expand the measurable distance, a dual-frequency PLR is employed to estimate the distance, which is parallel with the SMC-based-DPI ranging system using a wavelength division multiplexer (WDM) technique. For the PLR channel, a phase modulated laser diode (LD) is used as light source, and the phase difference between the original modulation signal and the reflected laser signal is regained using a fast Fourier transform (FFT) digital phase discrimination technique. Through switching the LD modulation frequencies between 100 MHz and 100 kHz, the PLR realizes a measurement accuracy of ~1 mm over a measurable distance of 1500 m (43). In our scheme, the distance under test is calculated by L=N×Lam+Lfrac , where Lam and Lfrac are the ambiguity resolved distance and measured precise distance of the SMC-based-DPI ranging system, and N is the integer when the PLR measured distance divided by the ambiguity resolved distance. The absolute distance can be real-time synthesized once the distance information from DPI and PLR channels is obtained simultaneously. To verify the capacity of our ranging system, we demonstrate the experimental implementation of an 80 m ranging in a well-maintained environment and a 1179 m ranging in an outdoor environment, respectively. 
Ranging in a well-maintained environment
The proposed SMC-based-DPI ranging scheme is firstly implemented in a wellmaintained environment. The target is mounted on an 80 m precision granite guide rail system which locates in a 10 m deep basement at the National Institute of Metrology (NIM), China. The environmental parameters, including temperature, humidity, acoustical vibration and atmosphere pressure, are well monitored and controlled using the mounted sensor arrays and control systems, which results in minor environmental turbulence. The air refractive index is calibrated in realtime using the monitored environmental data based on the modified Edllen's formula (43).
To obtain the absolute precision of the proposed ranging system, a referenced absolute distance is simultaneously measured using an interferometer group (IMG). The IMG consists of three parallelly installed He-Ne interferometers for Abbe error elimination (Fig. 3E) . The absolute precision of the IMG is 0.07 μm + 0.7×10 -7 L in the controlled environment (43). A reference point (zero distance) is calibrated by the proposed scheme and IMG ranging system synchronously. Then, the target mirror is moved from 0 to 3 mm with a step size of 0.05 mm. The measured results are shown in Fig. 4A (top) , while the residuals between the measured and reference values are presented in Fig. 4A (bottom) with standard deviations error bars. The residuals are within 100 nm, which indicates the two ranging systems have a similar accuracy.
The accuracy of IMG ranging system is linearly decreasing as the distance increases. It is no longer suited as a reference for long distance ranging. Therefore, a standard deviation analysis is used for measurement accuracy assessment in our following experiments. For long distance ranging experiments, the target is placed around 1 m and 80 m, respectively, and the interference spectra are continuously acquired for 6 seconds. Based on a fast peak fitting algorithm and a timely distance demodulation technique (44) , the distance information can be timely recovered in a medium-performance FPGA. The measurement results of 1 m and 80 m ranging experiments are shown in Figs. 4B and 4C, and the standard deviations are 2.99 nm and 9.95 nm, respectively. The minimum Allan deviations of the two ranging experiments are 2.88 nm at average time of 2.74 s and 5.39 nm at average time of 2.055 s, respectively (Fig. 4D) . It is noted that there are apparent distance drifts for 80 m distance measurements (Fig. 4C ) which is mainly caused by environmental fluctuation. We believe that the ranging error could be further improved once the environmental fluctuation is well compensated. 
Long distance ranging in an outdoor environment
The environmental applicability of the proposed ranging system is validated by building the system in a 1200 m outdoor standard baseline located at NIM (Fig. 5B) . Environmental parameters along the baseline, including temperature, air pressure and humidity, are also monitored to calculate the air group refractive index (43). To overcome the optical energy loss caused by beam expansion, an optical transmitter-receiver system is constructed, which consists of a Cassegrain telescope and an automatic space-to-fiber coupling system (Fig. 5A) . And an eyepiece is used to collimate the light path and aim at the target. The automatic space-to-fiber system optimizes the coupling efficiency through a piezoelectric scanning method. The transmitting-receiving efficiency is about 1%, which is enough for our ranging experiments.
A cube-corner prism is used as the target and placed at about 1179 m away from the optical transmitter-receiver. In order to test the resolving ability of the proposed ranging system, the cube-corner prism is installed on a piezoelectric vibrator to provide high-frequency vibration signals, as shown in Fig. 5A . According to the test result of PLR, N is determined as 385,072. Considering the air effect group refractive index which is calculated to be 1.000,267,232 using the modified Edllen's formula based on the area weighted averaging parameters along the baseline, the stationary distance of the target is calibrated to 1,179,305.255,157,9 mm. The stationary absolute distance is continuously recorded using the proposed ranging system for 5 seconds, as shown in Fig. 5C . There is an obvious distance drift of ~100 μm, which is mainly induced by the low-frequency noise, arising from the temperature drift, environmental acoustic interference as well as air turbulence. The low-frequency noise can be clearly observed in the FTS (Fig. 5F ) which is inevitable in an outdoor environment. According to the modified Edllen's formula, temperature is the main factor to the change of air refractive index (e.g., one degree temperature fluctuation will result in air refractive index changing by 10 -7 , corresponding to ~1 mm optical length drift for the distance of 1179 m). To alleviate the effect of low-frequency noise, a digital high-pass (HP) filter is employed. Figure 4E shows the Allan deviation of the stationary results before and after the HP filtering. Without the HP filter, the minimum Allan deviation is 5.6 μm at an average time of 0.2 ms, and the Allan deviation increases along with the average time increasing. Using a HP filter, the Allan deviation continuously decreases with increased average time and a minimum deviation of 27 nm is obtained at an average time of 1.8 s. 27 nm is regarded as the ranging capability of our outdoor ranging system, which is limited by the air dispersion which broadens the soliton pulse and leads to the spectral chirp. Such system would show better performance in a non-dispersive environment like outer-space where the air refractive index fluctuation and air dispersion are eliminated. Further, the capacity of highfrequency vibrations measurement is verified through imposing a modulation signal on the piezoelectric vibrator, e. g. two frequencies of 1 kHz and 5 kHz. The corresponding real-time ranging results are shown by the red and yellow lines in Fig. 5C , respectively. The zoom-in waveforms (Fig. 5D ) represent vibrations of the target and the vibrational frequencies are clearly indicated by the Fourier transform spectra (Fig. 5F) . In conclusion, a real-time long distance ranging system is experimentally demonstrated using a high-repetition-rate single SMC as light source, the dead-zone is completely avoided and the distance detection accuracy can reach nanometer scale even in a practical outdoor environment for a distance over 1000 m. For the proposed scheme, the maximum ranging distance is determined by the available laser power as well as the coherent length of the laser source. The SMC is pumped by a 100 Hz linewidth laser which ensures the coherent length of the SMC over one thousand kilometers (45) . Therefore, such ranging system has the potential to extend the measurable distance to hundreds of kilometers for multi-satellite flying formations as long as the long-distance light transmitting-receiving antenna is available. Additionally, the ranging speed of our scheme is subject to the spectrum acquisition rate. Actually, each soliton pulse can act as an effective distance probe, thus the maximum achievable measuring speed can approach to the repetition rate of SMC (i.e., 48.97 GHz) once an ultra-high speed photodetector array is available. These excellent features, e.g., large dynamic range, ultra-high precision, extreme measuring speed and compact integration potential, ensure the SMC-based ranging system have extensive application prospects in both scientific and industrial areas.
